ABSTRACT Background: Weight change affects resting energy expenditure (REE) and metabolic risk factors. The impact of changes in individual body components on metabolism is unclear. Objective: We investigated changes in detailed body composition to assess their impacts on REE and insulin resistance. Design: Eighty-three healthy subjects [body mass index (BMI; in kg/m 2 ) range: 20.2-46.8; 50% obese] were investigated at 2 occasions with weight changes between 211.2 and +6.5 kg (follow-up periods between 23.5 and 43.5 mo). Detailed body composition was measured by using the 4-component model and whole-body magnetic resonance imaging. REE, plasma thyroid hormone concentrations, and insulin resistance were measured by using standard methods. Results: Weight loss was associated with decreases in fat mass (FM) and fat-free mass (FFM) by 72.0% and 28.0%, respectively. A total of 87.9% of weight gain was attributed to FM. With weight loss, sizes of skeletal muscle, kidneys, heart, and all fat depots decreased. With weight gain, skeletal muscle, liver, kidney masses, and several adipose tissue depots increased except for visceral adipose tissue (VAT). After adjustments for FM and FFM, REE decreased with weight loss (by 0.22 MJ/d) and increased with weight gain (by 0.11 MJ/d). In a multiple stepwise regression analysis, changes in skeletal muscle, plasma triiodothyronine, and kidney masses explained 34.9%, 5.3%, and 4.5%, respectively, of the variance in changes in REE. A reduction in subcutaneous adipose tissue rather than VAT was associated with the improvement of insulin sensitivity with weight loss. Weight gain had no effect on insulin resistance. Conclusion: Beyond a 2-compartment model, detailed changes in organ and tissue masses further add to explain changes in REE and insulin resistance.
INTRODUCTION
Body weight and its composition are related to energy expenditure and metabolic risks. Fat-free mass (FFM) 5 is the major determinant of resting energy expenditure (REE) and explains between 60% and 80% of its variance (1, 2) . In addition, a bodycomposition analysis at the organ and tissue levels has added to our understanding of the interindividual variance in REE (3) (4) (5) (6) (7) . With a detailed composition of FFM taken into account, the explained variance in REE increased by approximately an additional 5% (4, 5, (8) (9) (10) . In addition, high fat mass (FM) has been associated with increased risk of chronic conditions including insulin resistance, cardiovascular diseases, and hypertension (11) . Visceral adipose tissue (VAT) is considered to be a major determinant of insulin resistance (12) . By contrast, 1) subcutaneous adipose tissue (SAT) may be protective (13) , and 2) abdominal SAT predicted insulin sensitivity independently of VAT (14) . Other studies on regional fat distribution have shown a protective role of leg fat on risk of atherosclerosis and insulin resistance in women and men with different body sizes (15) (16) (17) . Together, these data have shown a differentiated view on the functional role of detailed body composition. However, our current knowledge has been mainly based on cross-sectional data.
Little has previously been known about metabolic effects of changes in the composition of either FM or FFM with weight loss and gain. This knowledge is important because changes in FM and FFM specifically and differentially affect different regions of the body (eg, extremities and trunk (18) . Metabolic adaptations seem to occur in response to weight loss and gain, which contribute to the long-term body-weight regulation in underweight and overweight subjects (19) . Metabolic adaptations are a result of changes in body composition and variations in the metabolism of individual body components. Weight loss had a strong effect on improving insulin resistance in overweight and obese individuals (20, 21) . However, the determination of whether metabolic effects of weight loss result from the reduction of specific fat depots (eg, in VAT) or a generalized decline of adipose tissue has been controversial (13, 17) .
In our own studies with obese individuals (10, 22) , weightloss-related changes in FFM were mainly explained by a reduction in skeletal muscle mass (MM), and additional losses were shown in kidneys and liver mass. Magnetic resonance spectroscopy revealed that the reduction in liver mass was largely explained by a loss in liver fat. Accordingly, in a prospective observational study in severely obese subjects with mean BMI (in kg/m 2 ) of 47.3, a 12-wk very-low-energy diet led to significant reductions of body weight and liver volume (23) . In this study, the degree of liver volume reduction was associated with the loss of relative body weight and baseline liver volume. In another study with normal weight subjects, longterm overfeeding increased body weight and skeletal MM, but nonmuscular lean tissue remained unchanged (24) .
In obese women, a 10% weight loss led to significant decreases in REE; 50% of this reduction was explained by losses in FFM and FM, whereas changes in individual organ weights and tissue masses increased the variability in REE explained by body composition (10) . Similarly, some but not all overfeeding studies revealed that weight gain is accompanied by increases in energy expenditure beyond changes in body size and composition (24, 25) . Besides FFM, FM has contributed in a small additional proportion to the variance in REE in obese subjects (7, 26) .
In the current study, we have used a large data set to investigate changes in detailed body composition with long-term weight loss and gain to assess their associations with REE and insulin resistance.
SUBJECTS AND METHODS
This study was a post hoc analysis of previously obtained data of 83 healthy subjects (59 women and 24 men) aged 21-58 y with BMI range from 20.2 to 46.8 who had been assessed at 2 different occasions at the Institute for Human Nutrition at Christian-Albrechts-University, Kiel, Germany. Subjects were compiled from different studies in the investigators' archived databases. Participants were recruited from the local community by an advertisement in newspapers and notice-board postings. Body-weight changes within a 3% range were considered weight stable, whereas a gain or loss .3% of initial weights was considered a significant weight change (27) . Net weight changes were calculated, and subjects were grouped into 3 categories. First, 30 subjects with weight loss had participated in a 6-mo intervention study and consumed a low-calorie diet with a mean (6SD) follow-up period of 23.5 6 22.4 mo. Second, 33 subjects gained weight spontaneously within a mean period of 33.6 6 29.1 mo. Third, 20 subjects were considered to be weight stable at 63% body weight within a mean follow-up period of 43.5 6 25.0 mo. All investigations had been performed between 2005 and 2011. Exclusion criteria were smoking, pregnancy, acute or chronic disease (eg, diabetes), and use of any medication that could influence energy metabolism or body composition (eg, b-blockers or diuretics). The study protocol had been approved by the local ethical committee of the Christian-AlbrechtsUniversity zu Kiel, and each subject provided informed written consent before participation. Subjects arrived between 0700 and 0900 after an overnight fast .8 h. The measurement of REE was carried out first and followed by a detailed bodycomposition analysis, which took place at the metabolic ward of the Institute of Human Nutrition and Food Science [by using a 4-compartment model (4C)] and at the Clinic for Diagnostic Radiology, Universitätsklinikum Schleswig-Holstein (by using MRI).
REE
REE was measured by using indirect calorimetry with a ventilated-hood system (Vmax Spectra 29n; Vmax software, version 12-1A; SensorMedics BV, Viasys Healthcare). A detailed description of the procedure, calibration, and its accuracy, precision and stability has been reported elsewhere (8, 10) . Measurements were performed in a metabolic ward at a constant humidity (55%) and room temperature (228C). Continuous gasexchange measurements were obtained for a minimum of 30 min. The first 15 min of each measurement was discarded. REE was calculated from whole body oxygen consumption and whole body carbon dioxide production according to Weir (28) . The CV for repeated measures of REE in 11 subjects was 5.0% (29) .
Calculation of REE
The calculation of REE (REE calculated ) was based on the sum of 8 body compartments (brain MRI , heart MRI , liver MRI , kidneys MRI , skeletal MM, bone mass, adipose tissue, and residual mass (RM); the index MRI relates to MRI-derived tissue and organ masses] multiplied by their corresponding tissue respiration rates by using the specific tissue metabolic rates (K i values) reported by Elia (1) 
) for organs and tissues in adults were as follows: brain, 1008; liver, 840; heart, 1848; kidneys, 1848; skeletal muscle, 55; and adipose tissue, 19) as described previously (4) . RM was calculated as the difference between body mass and the sum of brain, heart, liver, kidneys, skeletal MM, bone mass, and adipose tissue. The metabolic activity of RM was assumed to be 30 kJ $ kg 21 $ d
21
. For bone mass, a specific metabolic rate of 9.63 kJ $ kg 21 $ d 21 was assumed (3).
REE C ðkJ=dÞ ¼ ð1008 3 brain massÞ þ ð840 3 liver massÞ þ ð1848 3 heart massÞ þ ð1848 3 kidney massÞ þ ð55 3 skeletal muscle massÞ þ ð9:63 3 bone massÞ þ ð19 3 adipose tissueÞ þ ð30 3 residual massÞ
In this calculation, adipose tissue was calculated from FM as measured by using the 4C (see 4C) with the assumption of a fat content of 80%. Skeletal MM was calculated from the sum of lean soft tissue from arms and legs by using the equation of Kim et al (30) . Bone mass was calculated by multiplying the bone mineral content (BMC) by 1.85 on the basis of reference man data (31) .
Detailed body-composition analysis

Anthropometric measurements
With the use of an electronic scale coupled to the BOD POD device (TANITA), weight was measured without shoes and with light clothing at an accuracy of 0.01 kg . Height was assessed to the nearest 0.5 cm by using a Seca stadiometer (Vogel & Halke).
MRI
Volumes of 4 internal organs (brain, heart, liver, and kidneys), SAT, and VAT were measured by using transversal MRI images as described previously (8) (9) (10) . Briefly, scans were obtained by using a 1.5T Magnetom Vision scanner (Siemens). Brain and abdominal organs were examined with a T1-weighted sequence (FLASH) [time to repeat (TR): 177.8 ms for abdominal organs; TR: 170.0 ms for the brain; time of echo (TE): 4.1 ms/echo]. Electrocardiogram-triggered, T2-weighted, turbo spin-echo ultrashot scans (HASTE) (TR: 800.0 ms; TE: 43 ms/echo) were used to examine the heart. The slice thickness ranged from 6 mm for the brain to 7 mm for the heart to 8 mm for internal organs without interslice gaps. Cross-sectional organ areas were determined manually by using segmentation software (SliceOmatic, version 4.3; Tomo-Vision Inc). Intraobserver CVs on the basis of a comparison of repeated segmentations were 1.8% for the brain, 0.07% for the liver, 1.7% for the heart, 1.0% for kidneys, 1.0% for VAT, 0.9% for SAT, and 1.7% for skeletal muscle. Volume data were transformed into organ weights by using the following organ densities: 1.036 g/cm 3 for the brain, 1.06 g/cm 3 for the heart and liver, and 1.05 g/cm 3 for kidneys. The volume of heart mass was measured in 81 subjects; 2 subjects were excluded from all analyses because the heart mass could not be segmented with high accuracy because of the low quality of MRI images in that specific region. Volumes of SAT and VAT were examined with a T1-weighted gradient echo sequences (TR: 575 ms; TE: 15 ms) as described previously (32) . Continues transversal images with an 8-mm slice thickness and 2-mm interslice gaps were obtained and analyzed from the wrist to ankle by using the SliceOmatic software. Images in abdominal and thoracic regions were measured with subjects holding their breath. Arms and legs were segmented from the wrist to humerus heads and from femur heads to the ankle, respectively. The trunk was defined as the region between femur and humerus heads. VAT was segmented from the top of the liver to femur heads. MRI estimates of VAT volumes were converted to mass by using a density of 0.92 kg/L (31).
4C
FM was calculated from measurements of body volume [by using air-displacement plethysmography (ADP)], total body water (TBW) (by using deuterium dilution), and BMC [by using dual-energy X-ray absorptiometry (DXA); see reference FFM was calculated as the difference between body mass and FM. Air-displacement plethysmography was performed by using the BOD POD device (Cosmed srl). A 2-step calibration was carried out before each measurement. Two repeated volume measurements were performed, averaged, and corrected for the predicted body surface area and measured thoracic gas volume by using BOD POD software (version 4.5.0). The CV for repeated body volume measurements was 0.2%. DXA was performed to measure the BMC and lean soft tissue from arms and legs by using a Hologic Discovery A densitometer and the whole-body software V8.26a:3 (QDR4500A; Hologic Inc). Deuterium dilution was used to analyze TBW. After 40-mL venous blood samples were obtained, each subject drank an oral dose of 0.4 g deuterium oxide/kg body weight with an amount of 100 mL tap water. Four hours later, a second blood sample was taken. The concentration of deuterium oxide was measured in ultrafiltrate by using fast Fourier infrared spectroscopy (Digilab) equipped with a CaF 2 sample cell (omnicell; Specac Ltd). The CV for TBW measurements was 1.2%.
Clinical and metabolic variables
Blood pressure measurements were obtained while subjects were in a seated position with the use of a standard manual sphygmomanometer. Blood samples were taken after an 8-h overnight fast and analyzed according to standard procedures. Fasting serum concentrations of thyrotropin, free triiodothyronine, and free thyroxine were measured in a subpopulation of 64 subjects by using a radioimmunoassay (DiaSorin). Plasma insulin was measured in a subgroup of 77 subjects by using a radioimmunoassay (Adaltis). Plasma glucose was assayed in a subgroup of 77 subjects by using a hexokinase enzymatic method. Data of 19 subjects for the analysis of thyroid hormone concentrations and 6 subjects for the analysis of insulin, glucose, and HOMA-IR were disregarded because of nonattendance at one time point (eg, at follow-up).The HOMA-IR was calculated as follows (35) :
Fasting insulinðlU=mLÞ 3 fasting glucoseðmmol=LÞO22:5 ð3Þ
Cholesterol and triacylglycerol concentrations were measured enzymatically by hydrolyzing cholesterol ester and triacylglycerol to cholesterol and glycerol, respectively. HDL cholesterol and LDL cholesterol were analyzed in the supernatant fluid after the precipitation of lipoproteins.
Data analysis
All data are means 6 SDs. The statistical analysis was performed with SPSS statistical software (17.0; SPSS). Differences BODY COMPOSITION AND METABOLISM WITH WEIGHT CHANGES between variables and between baseline and follow-up within each of the 3 weight-change groups (weight lost, weight stable, and weight gained) were analyzed by using paired samples t test for normally distributed values. After multiple-comparison adjustments by using Bonferroni post hoc test (P , 0.05 was divided by the number of comparisons), differences between men and women and between weight-change groups at baseline were analyzed by using an unpaired t test in normally distributed variables. REE was adjusted for FFM and FM by using a regression analysis (36) . A stepwise regression analysis was performed to explain the effect of body composition (as an independent variable) on the variance in REE measured by using indirect calorimetry (REE measured ) (as a dependent variable). Pearson's correlation coefficient was calculated for relations between variables. All tests were 2-tailed, and P , 0.05 was accepted as the limit of significance.
RESULTS
Characterization of study population
Baseline characteristics of study participants stratified by sex and detailed body-composition data are presented in Table 1 . Of 83 participants, 71% of subjects were women, and 29% of subjects were men. The age range was between 21 and 58 y. Fifty percent of study participants were obese, and 27% of study participants were women, and 37% of study participants were overweight. Women were significantly younger than men. There was no significant difference in BMI between sexes, but sex differences were observed for all FFM and FM components. Men had significantly higher FFM, organ masses (OMs), and RM than women. By contrast, women had higher 1) adipose tissue of the trunk, 2) SAT of the extremities, 3) and ratios fat mass measured by using the 4-component model/adipose tissue measured by using MRI, organ mass measured by using MRI 1 Heart mass was measured in 81 subjects (58 women and 23 men). The index MRI relates to MRI-derived organ and tissue masses. ** , ***Difference between sexes (unpaired t test), **P , 0.01, ***P , 0.001. AT MRI , adipose tissue measured by using MRI; AT MRItrunk , adipose tissue of the trunk measured by using MRI (subcutaneous adipose tissue of the trunk + visceral adipose tissue); Bone mass DXA , bone mass measured by using dual-energy X-ray absorptiometry; FFM, fat-free mass; FFM 4C , fat-free mass measured by using a 4-compartment model; FM 4C , fat mass measured by using a 4-compartment model; MM DXA , muscle mass measured by using dual-energy X-ray absorptiometry; OM MRI , organ mass measured by using MRI; RM MRI , residual mass measured by using MRI; SAT MRIarms , subcutaneous adipose tissue of the arms measured by using MRI; SAT MRIextremities , subcutaneous adipose tissue of the extremities measured by using MRI (subcutaneous adipose tissue of the arms + subcutaneous adipose tissue of the legs); SAT MRIlegs , subcutaneous adipose tissue of the legs measured by using MRI; SAT MRItrunk , subcutaneous adipose tissue of the trunk measured by using MRI; VAT MRI , visceral adipose tissue measured by using MRI; WC, waist circumference. (OM MRI ) O fat-free mass measured by using 4C, and OM MRI O muscle mass measured by using DXA (all P , 0.001).
Changes in body weight and body composition
Descriptive characteristics of the study population stratified by weight changes at baseline and follow-up and respective changes are shown in Table 2 . Thirty-six percent of the study population were weight losers with a mean weight loss of 11.2 6 4.92 kg, which consisted of 8.9 6 5.9 kg FM (72%) and 2.3 6 3.0 kg FFM (28%). Forty percent of subjects were weight gainers. The mean weight gain was 6.5 6 3.3 kg, which consisted of 5.6 6 3.4 kg FM (88%) and 0.8 6 1.8 kg FFM (12%). Twenty-four percent of participants were weight stable with their body weights kept #3% of baseline values. Compared with weightgain and weight-stable subjects, weight losers had significantly higher body weights, BMI, waist circumferences, and FM at baseline (P , 0.01). With weight gain and in weight-stable subjects, the fat mass measured by using the 4-component model/adipose tissue measured by using MRI ratio increased between baseline and follow-up, whereas it remained unchanged with weight loss.
Detailed compositions of FFM and FM and their respective changes are presented in Table 3 . At baseline, weight losers had significantly higher kidney masses and SAT of the trunk [subcutaneous adipose tissue of the trunk measured by using MRI (SAT MRItrunk )] than those of weight-gainer and weightstable groups. With weight loss, the sum of decreases in kidney and heart masses was 130 g, whereas brain and liver masses remained unchanged. By contrast, with weight gain, significant increases in liver and kidney masses (140 g) were observed. Concomitantly, brain and heart masses were unchanged. RM increased with weight loss but decreased with weight gain. No significant between-group differences were observed in OM MRI /muscle mass measured by using DXA ratios and their changes with weight changes. In addition, there were significant changes in masses of kidney and heart as well as in adipose tissue of the trunk measured by using MRI and visceral adipose tissue measured by using MRI (VAT MRI ) in weightstable subjects.
After weight loss, abdominal fat (mainly explained by a loss in SAT MRItrunk ) and subcutaneous adipose tissue of the extremities measured by using MRI (SAT MRIextremities ) (mainly explained by a loss in subcutaneous adipose tissue of the legs measured by using MRI (SAT MRIlegs ) decreased (Table 3) . By contrast, with weight gain, abdominal fat (mainly attributable to a gain in SAT MRItrunk ) and SAT MRIextremities (mainly attributable to a gain in SAT MRIlegs ) increased.
Significant correlations were observed between changes in FM and kidney masses (r = 0.58, P , 0.01) in the weight-loser group. In addition, in the weight-gainer group, there were significant associations between changes in FM and liver mass (r = 0.54, P , 0.01). Changes in FFM were not associated with changes in individual OMs in both groups. However, between OMs, changes in heart mass were associated with changes in kidney masses (r = 0.53, P , 0.01) in weight gainers.
In the total study population, there were significant correlations between changes in FM and all OMs (r = 0.31 for heart mass, r = 0.36 for liver mass, r = 0.58 for kidney mass, all P , 0.01) except for the brain (r = 0.16, P = 0.139). Significant correlations were also observed between changes in FFM and
TABLE 2
Characteristics of the study population stratified by weight change 
TABLE 3
Composition of FFM and FM of the study population stratified by weight change MM (r = 0.50, P , 0.001), but changes in FFM were not associated with changes in individual OMs. Regarding OMs, changes in kidney mass were associated with the changes in heart mass (r = 0.61, P , 0.01) and liver mass (r = 0.25, P , 0.05).
Impact of weight change on REE and plasma thyroid hormone concentrations REE measured , REE calculated , REE adjusted for FFM and FM, and plasma thyroid hormone concentrations are shown in Table 4 . At baseline, REE measured was higher in weight losers than weight-stable subjects. This difference disappeared after adjustments for FFM and FM. Weight loss led to a decrease in REE measured of 20.54 MJ/d. After adjustment for FFM and FM, the change in REE was reduced to 20.22 MJ/d. By contrast, weight gain increased REE measured as well as REE adjusted for FFM and FM by 0.33 and 0.10 MJ/d, respectively. REE adjusted for FFM and FM was not statistically significant between baseline and follow-up in the 3 weight-change groups. There were no significant changes in REE in the weight-stable group.
Weight loss led to a decrease in serum triiodothyronine and thyroxine, whereas there was no change in serum thyrotropin (P = 0.221) ( Table 4) . Weight gain was associated with increases in serum triiodothyronine. Thyroid hormone concentrations were unchanged in weight-stable subjects. Changes in REE measured correlated with changes in serum triiodothyronine (r = 0.37, P , 0.01). With weight changes, decreases and increases in REE measured were positively associated with changes in MM (r = 0.39, P , 0.05; r = 0.47, P , 0.01, respectively), but a negative correlation was observed with changes in RM (r = 20.35, P , 0.05).
The REE calculated from individual organ and tissue masses by using constant specific metabolic rates revealed significant differences between REE measured and REE calculated in weight losers and gainers at baseline and in the 3 groups at follow-up. At baseline and after weight loss, there were no significant correlations between the difference between calculated REE by the use of organ and tissue masses times their specific metabolic rates and REE measured by indirect calorimetry (REE measured -calculated ) and detailed body composition. By contrast, after weight gain, significant associations were observed between REE measured -calculated and FFM (r = 0.51, P , 0.01), bone mass (r = 0.50, P , 0.01), and RM (r = 0.54, P , 0.01). In a Bland-Altman plot, changes in REE measured -calculated correlated with changes in the mean of
(y = 0.497x + 0.149; r = 0.67), which suggested a systematic bias (ie, the calculation underestimated REE measured at low but led to an overestimation at high REE. These data suggested that specific REEs used in our calculation (see Subjects and Methods) were not constant and seemed to decrease with weight loss, whereas they increased with weight gain. Correlations between REE measured and FFM at baseline and follow-up are shown in Figure 1 . At both time points, there were significant associations [r = 0.84 and r = 0.87, respectively, both P , 0.001 in weight losers ( Figure 1A) ; r = 0.92 and r = 0.91, respectively, both P , 0.001 in weight gainers ( Figure 1B) ]. In addition, there were no significant differences in intercepts and slopes of regression lines in the weight-loser and weight-stable groups. By contrast, in weight gainers, slopes and intercepts of regression lines were different at a significance of 0.01 and 0.05, respectively. With all changes in REE measured compared with changes in body weight compiled (ie, an analysis of data of the 3 groups together), a significant association was shown (r = 0.50, P , 0.001) (Figure 2) . Three subjects of the original study population were outliers and were deleted from the analysis because of a higher mean body weight, waist circumference, FFM measured by using 4C, skeletal MM, total OM, liver mass, and REE measured at baseline compared with those of other subjects (P , 0.05).
To test the effect of changes in body composition in response to either weight gain or weight loss on the variance in changes in REE measured (dependent variable), we performed a series of stepwise multiple-regression analyses. In a first analysis, we included changes in FFM and FM as independent variables. Changes in FM explained 22.8% of the variance in changes in REE measured , and changes in FFM explained an additional 7.4% of the variance. In a second analysis, we added changes in individual components of FFM (ie, changes in skeletal muscle, bone mass, adipose tissue, heart mass, kidney mass, liver mass, and brain mass) and changes in FM as independent variables. Changes in skeletal muscle explained 29.8% of the variance in changes in REE measured , and changes in FM explained additional 4.2%. When changes in plasma triiodothyronine were also included in a third model, an additional increase in the proportion of the explained variance was observed (44.7%). Changes in skeletal muscle and serum triiodothyronine explained 34.9% and 5.3%, respectively, of the variance in changes in REE measured . Changes in kidney masses explained an additional 4.5%.
FM compared with insulin resistance
Metabolic variables of study participants and their respective changes are given in Table 5 . Weight loss was associated with significant decreases in plasma insulin, glucose, HOMA-IR, serum triglyceride, and diastolic blood pressure. With weight gain, all metabolic variables remained unchanged. At baseline, 67% of weight losers showed HOMA-IR .2.5. After weight loss, the percentage of subjects with HOMA-IR .2.5 significantly decreased to 23%. However, subjects with high HOMA-IR at baseline tended to improve HOMA-IR with weight loss (r = 20.73, P , 0.001). After adjustment of changes in HOMA-IR for baseline HOMA-IR, no significant differences were observed between changes in HOMA-IR and adjusted HOMA-IR in weight-losing (22.08 6 2.45 compared with 21.57 6 0.91, respectively; P = 0.168) and weight-gaining subjects (20.54 6 2.11 compared with 20.58 6 1.11, respectively; P = 0.908).
Pearson's correlation coefficients showed some significant positive associations between changes in HOMA-IR and changes in the different FM component depots. In the weightloser group, there were significant associations between the HOMA index and SAT MRItrunk (r = 0.62, P , 0.001), SAT MRIextremities (r = 0.46, P = 0.010), and total adipose tissue (r = 0.56, P , 0.001) after weight loss but not for VAT MRI . In the weight-gainer group, an increase in VAT MRI was associated TABLE 4 Measured, adjusted, and calculated resting energy expenditure (n = 83) and thyroid hormone concentrations (n = 64) of the study population stratified by weight change with an increase in the HOMA index after weight gain only (r = 0.45, P = 0.011). As concerns changes in individual fat depots, the decrease in SAT of the arms measured by using MRI (SAT MRIarms ) was the only fat depot decrease that was associated with a decrease in the HOMA index with weight loss (r = 0.45, P , 0.012). When all data in a stepwise multiple-regression analysis were compiled, effects of changes in individual fat depots (changes in SAT MRItrunk , VAT MRI , SAT MRIarms , and SAT MRIlegs ) and liver mass (as independent variables) on weight-change-associated changes in HOMA-IR (as dependent variable) were tested. Changes in SAT MRIarms explained 14.1% of the variance in changes in HOMA-IR with changes in liver mass explaining an additional 8.2%. Other variables did not contribute to the variance in weight change associated HOMA-IR improvement.
DISCUSSION
With the use of a large data set to investigate changes in detailed body composition with long-term weight loss and gain to assess their associations with REE and insulin resistance, we showed that, in addition to weight changes themselves, weight change-associated changes in detailed body composition added to explain the variance in metabolic adaptations.
Effect of weight loss and gain on the composition of FFM and FM
Weight changes were associated with changes in individual components of either FM or FFM, respectively. With weight loss, FIGURE 1. Relation between REE and FFM measured by using a 4-compartment model before (circles) and after (triangles) weight loss and gain in weight-loser (A) (n = 30), weight-gainer (B) (n = 33), and weightstable (C) (n = 20) groups (total of 83 subjects). Solid lines are regression lines. FFM, fat-free mass; REE measured , REE measured by using indirect calorimetry.
FIGURE 2.
Relation between DREE measured by using indirect calorimetry and Dweight in the whole study population of 80 subjects differing with respect to weight changes. The solid line is the regression line. Three subjects in the original study population were outliers [because of a higher mean body weight, waist circumference, fat-free mass measured by using a 4-compartment model, skeletal muscle mass, total organ mass, liver mass, and REE measured by using indirect calorimetry (P , 0.05) at baseline compared with those of other subjects of the study population] and have been deleted from the analysis. DREE, changes in resting energy expenditure; Dweight, changes in body weight.
volumes of muscle, kidney, and heart decreased, whereas skeletal muscle, liver, and kidney masses increased with weight gain. There were no changes in brain mass with either weight changes (Table 3) . These data confirmed our previous results of the neuroprotection during caloric restriction (37) . However, brain mass is known to decrease after severe weight loss in patients with anorexia nervosa, who have a loss in gray matter that is reversible after nutritional recovery (38) . With a comparison of changes in high metabolically active components of FFM, masses of heart, liver, and kidneys were reduced by 8%, 4%, and 6%, whereas low metabolic rate skeletal muscle decreased by 3% only (10) .
With overfeeding, Dériaz et al (24) showed increased body weight (8.3 6 2.4 kg) and skeletal MM (1.7 6 1.2 kg), but contrary to our results, nonmuscular lean tissue (sum of internal organs) remained unchanged. Our recent data also showed that gains of skeletal muscle at the trunk seemed to lag behind that of extremities (22) . In addition, there was a significant increase in liver mass with weight gain (Table 3 ). It is likely that the preferential gain in liver mass with weight gain is associated with an accumulation of ectopic liver fat.
All adipose tissue depots decreased with weight loss with major changes in SAT MRItrunk and SAT MRIlegs (Table 3) . By contrast, all FM components increased with weight gain except for VAT (Table 3) . Our findings were in line with a weight-loss intervention study that showed significant decreases in total FM, subcutaneous adipose tissue of the trunk, and VAT (39) . However, in that study ,the largest change was in VAT, which decreased by 40% compared with 30% in either total FM or subcutaneous adipose tissue of the trunk, respectively. With weight loss, relative rates of losses from different adipose tissue depots are highly variable and range from quickly mobilized VAT to minimally influenced bone marrow adipose tissue (18, 32, 40, 41) . Hence, the loss of body fat with dieting is the net effect of integrated and variable changes regional adipose depots (18) . In contrast with previous studies, we showed no preferential loss of VAT MRI (Table 3 ). The discrepant finding may have been a result of sex or age differences between subjects in these studies, differences in endocrine variables, or unknown kinetics of weight loss that were the length of the follow-up period.
Effect of weight loss and gain on REE Weight changes were followed by changes in REE. After adjustments for FFM and FM, REE decreased with weight loss and increased with weight gain (Table 4) . Thus, both weight loss and gain were associated with metabolic adaptations, which reflected adaptations in specific metabolic rates of individual organs and tissues (42, 43) . In the Comprehensive Assessment of Long-term Effects of Reducing Intake of Energy study in overweight subjects, a 25% energy restriction resulted in a lowering of energy expenditure w0.36 MJ (or 87 kcal; 27%) than that predicted (44) . This adaptation occurred within the first 3 mo of underfeeding and remained unchanged despite continuing weight loss for the next 3 mo. Another study in obese individuals reported that a 10% increase or decrease in body weight led to a 16% increase and 15% decrease, respectively, in 24-h total energy expenditure (45) .
Overfeeding has been shown to be accompanied by increases in REE (24, 25) . However, compared with underfeeding, only small increases in REE were observed. By contrast, short-term overfeeding resulted in almost no mass-independent changes in REE (46) . However, 48 h overfeeding at 200% of energy requirements increased the sleeping metabolic rate by 18% without any measurable changes in body composition (47) . There have been contradictory data on the long-term persistence of adaptive thermogenesis with some positive but also negative results (see reference 19 for discussion). Two recent studies (48, 49) showed that weight loss led to persistent adaptive thermogenesis #1 y during weight-loss maintenance. The conflicting results may be explained by different study designs, different physical activity levels, or the magnitude of energy imbalance. Furthermore, the magnitude and duration of metabolic adaptation in response to underfeeding may be subject to a high interindividual variation in changes in body weight and FM (17) . Hormones also add to metabolic adaptations, and variations in plasma triiodothyronine concentrations within the physiologic range were shown to be a determinant of REE (50) . In the current study, serum triiodothyronine decreased and increased with weight changes (Table 5 ) and correlated with changes in REE. These results suggested that triiodothyronine adds to regulate adaptive thermogenesis.
Association between changes in detailed body-composition analysis and REE
Body size-related variations in REE are generally results of variations in FFM and proportional contributions of different FFM components (ie, high compared with low metabolically active organs and tissues) to FFM both in terms of mass and their specific metabolic rates (6, 43) . The slope of REE on FFM was lower at high FFM (Figure 1) , whereas a higher specific metabolic rate (eg, REE/kg FFM) was shown at low FFM (4). Hence, REE on FFM declined with increasing FFM. These results were mainly explained by the composition of FFM. On the basis of autopsy data, Garby et al (51) have calculated that the composition of FFM explained 5% of the variance in REE.
In our longitudinal study, 29.8% of the variances in weightchange-associated changes in REE were explained by changes in FFM and in its major component skeletal MM; in addition, changes in FM explained an additional 4.2% of the variance (see Results). With the inclusion of changes in plasma triiodothyronine in the model, changes in skeletal MM (34.9%), triiodothyronine (5.3%), and kidney masses (4.5%) further increased the proportion of the explained variance.
Besides FFM, changes in FM also explained an additional variance in changes in REE. Other authors have already shown an independent effect of FM on the variance in REE (7, 26) . This effect is partly explained by the low energy requirements of adipose tissue plus adiposity secretory and inflammatory activities that affect specific metabolic rates of organs and tissues.
Association between changes in FM components and insulin resistance
Weight gain has been associated with increased metabolic risks (eg, insulin resistance) (52) whereas weight loss improved insulin sensitivity (39, 53) . The current data indicated that weight loss was associated with decreases in insulin, glucose, the HOMA index, serum concentrations of triglycerides, and diastolic blood pressure (Table 5) . However, compared with weight loss, all metabolic variables remained unchanged with weight gain (Table  5 ). This finding may be explained because our subjects were healthy, and weight gain was limited.
Our findings may put the role of VAT into perspective ( Table  3 ). As expected from previous studies (39, 53) , there was a significant positive association between changes in the HOMA index and reductions in SAT. In addition, the stepwise multipleregression analysis revealed that changes in SAT MRIarms together with changes in liver mass explained 22.3% of the variance of changes in HOMA after weight loss. This effect was independent of changes in VAT. Thus, our findings confirmed our hypothesis that changes in SAT rather than VAT are the major determinant of weight loss-associated improvements in insulin resistance. Accordingly, improvements in cardiometabolic risk factors with weight loss were because of reductions in subcutaneous fat rather than VAT (53) .
Study strengths and limitations
Our study was a post hoc observatory trial but not a controlled underfeeding and overfeeding study. We did not assess intraindividual weight cycles (weight loss and regain) that may also have an effect on the variance of REE and metabolic risk factors. In addition, we did not address dynamics of weight changes. Study strengths included the use a 4C as a gold standard in a large study population that avoided assumptions of different methods of a 2-compartment model that may be violated during weight loss and gain. In addition to the 4C, MRI technology was used to assess regional changes in individual FFM and FM components with weight changes. Our data analysis was limited to organ and tissue masses and could not take into account their specific metabolic rates. Because the current MRI protocol did not measure the concentration of fat within organs and tissues, it did not allow for quantitative analyses of metabolically active tissue volumes.
In conclusion, beyond a 2-compartment model, detailed changes in organ and tissue masses further add to explain changes in REE and insulin resistance.
